The estrogen receptor (ER), a member of the nuclear hormone receptor superfamily important in human physiology and disease, recruits coactivators which modify local chromatin structure. Here we describe effects of ER on large-scale chromatin structure as visualized in live cells. We targeted ER to gene-amplified chromosome arms containing large numbers of lac operator sites either directly, through a lac repressor-ER fusion protein (lac rep-ER), or indirectly, by fusing lac repressor with the ER interaction domain of the coactivator steroid receptor coactivator 1. Significant decondensation of large-scale chromatin structure, comparable to that produced by the ϳ150-fold-stronger viral protein 16 (VP16) transcriptional activator, was produced by ER in the absence of estradiol using both approaches. Addition of estradiol induced a partial reversal of this unfolding by green fluorescent protein-lac rep-ER but not by wild-type ER recruited by a lac repressor-SRC570-780 fusion protein. The chromatin decondensation activity did not require transcriptional activation by ER nor did it require ligand-induced coactivator interactions, and unfolding did not correlate with histone hyperacetylation. Ligand-induced coactivator interactions with helix 12 of ER were necessary for the partial refolding of chromatin in response to estradiol using the lac rep-ER tethering system. This work demonstrates that when tethered or recruited to DNA, ER possesses a novel large-scale chromatin unfolding activity.
Nuclear hormone receptors are ligand-inducible transcriptional activators that play a large number of physiological roles (37) . These proteins activate transcription through a multistage process involving binding to DNA response elements (26) , recruitment of coactivators (18, 25) , remodeling of chromatin (11, 32) , and assembly of general transcription factors and RNA polymerase II (42) . Gene expression, the last step of the process, is typically used as a readout of transcription factor function. Few experimental approaches allow dissection of the chromatin-related activities of a transcriptional activator. In addition, conclusions about how steroid hormone receptors and their associated coregulators function have often been based on studies of transiently expressed reporter genes which lack native chromatin structure.
It has become clear in recent years that the ability of steroid hormone receptors to activate transcription of endogenous genes likely depends upon their ability to affect chromatin structure. Indeed, many steroid hormone receptors interact with coregulator proteins that are implicated in the remodeling of local chromatin structure and the acetylation of histones (reviewed in references 32, 33, and 41). In fact, enhancement of transcription by adding ligand to estrogen receptor (ER) was observed using chromatinized template DNA but not when using naked DNA lacking histones (27) . In addition, genes integrated into chromosomes have been shown to be regulated differently from genes located in transiently transfected plasmid DNA (17) , often revealing surprising dynamics and regulation (7, 24, 45) . This suggests that understanding transcription in the context of native chromosomes will be important for understanding steroid hormone receptor function.
While recent work has revealed changes induced by nuclear receptors at the level of local chromatin structure (i.e., at the level of histones and nucleosomes), it is unclear to what extent steroid hormone receptors might also affect higher levels of chromatin folding. These levels include higher-order chromatin structure (folding which produces the 30-nm chromatin fiber) and large-scale chromatin structure (folding above the level of the 30-nm fiber).
A lac repressor-based system has allowed direct visualization of large-scale chromatin dynamics in mammalian cells (4) . By fusing protein domains to the lac repressor, this system was used to demonstrate large-scale chromatin decondensation induced by targeting the acidic activation domain (AAD) of the strong viral transcription factor VP16 to a heterochromatic chromosome arm generated by gene amplification (51) . This large-scale chromatin uncoiling occurred even when polymerase II transcription was blocked, suggesting that it was induced through trans factors recruited by the VP16 AAD rather than being the result of transcription per se. While artificial, this lac operator tethering system provides a powerful assay to test the role of specific proteins in chromatin remodeling and to dissect the protein domains required for the observed large-scale chromatin decondensation. Recently this system was used to demonstrate comparable large-scale chromatin decondensation produced by the BRCT domains of BRCA1; moreover, several cancer-predisposing mutations of BRCA1 were shown to increase dramatically the large-scale chromatin decondensation potential of full-length BRCA1 (55) .
Here we have applied this system to determine whether the ER could induce comparable changes in large-scale chromatin structure. We were interested in whether the chromatin effects of transcriptional activators would be proportional to their strength and whether different transcriptional activators could unfold chromatin to different levels. Also, would the chromatin unfolding activity of an activator be tightly linked to or clearly separable from transcriptional activation potential? Based on this tethering assay system, our results show a very pronounced chromatin unfolding activity associated with ER which was not dependent on active transcription. Intriguingly, this activity was strong even in the absence of the ligand and was independent of the helix 12 region of the receptor, which mediates ligand-dependent recruitment of several known coactivators.
Our results suggest the possibility of novel physiological activities associated with ER, and our approach may provide a new methodology to identify novel proteins involved in ER function.
MATERIALS AND METHODS

Construction of plasmids.
A plasmid expressing the green fluorescent protein (GFP)-dimer lac repressor-simian virus 40 nuclear localization signal (NLS) fusion protein under control of the F9-1 promoter, called p3ЈSS-EGFP-dimer lac repressor (51), was used as the basis for these studies. This plasmid contains a mutant form of the lac repressor which forms dimers rather than tetramers due to a five-amino-acid deletion at the C terminus (8) . The N terminus of the lac repressor was replaced with a proline-33tyrosine mutant form from pAFS135 (43, 49) to produce a tightly binding lac repressor. This plasmid, p3ЈSS EGFPdimer tb lac repressor, was then modified by Quik-change site-directed mutagenesis (Stratagene, La Jolla, Calif.), resulting in the insertion of a 9-bp fragment containing an AscI site into the PvuII site 7 amino acids N-terminal to the linker and NLS. This generated GFP-lac rep-AscI-NLS (NYE4). Selected regions of the ER were amplified by PCR using primers which contain AscI sites in frame. The template for these reactions was either wild-type human ER-alpha from the CMV-ER plasmid (54) or mutant ERs (L525A or L540Q) in the same vector backbone (15, 22, 44) . The PCR products were digested with AscI and ligated into the AscI-digested GFP-lac rep-AscI-NLS vector to create in-frame fusions. All regions of constructs which had undergone PCR were sequenced to ensure fidelity. Construction of yellow fluorescent protein (YFP)-steroid receptor coactivator 1 (SRC-1) and cyan fluorescent protein (CFP)-ER has been described (47) . The CFP-lac repressor-ER fusion is described elsewhere (48) . YFP-lac rep-SRC570-780 was constructed by PCR amplifying lac rep-NLS from NYE4 with primers adding BglII sites and ligation into the BglII site between YFP and SRC570-780 of the YFP-SRC570-780 vector (47) .
The 8op-CAT reporter plasmid (NYE10) was generated by removing a BamHI-HindIII fragment containing 8 lac operator repeats from pPS-8.1 (39) . This fragment was ligated into the pATC2 vector (31), whose two estrogen response elements (EREs) had been removed with a BglII/HindIII digestion.
Tissue culture, transfection, and CAT assays. A03_1 CHO DG44 cells contain a gene-amplified chromosome region containing ϳ400-kb blocks of pSV2-DHFR-8.32 vector repeats separated by an estimated 1,000 kb of flanking, coamplified genomic DNA (28) . Each vector copy contains the dihydrofolate reductase cDNA transgene and 256 direct repeats of the lac operator. These cells were cultured at 37°C with 5% CO 2 in F-12 Ham's media without hypoxanthine or thymidine, with 0.3 M methotrexate, without phenol red, and with 10% dialyzed fetal bovine serum (HyClone Labs, Logan, Utah) treated with charcoaldextran. Phenol-red free trypsin was used to passage cells. RRE_B1 cells contain a different gene-amplified chromosome region with lac operator repeats derived from a modified vector (50) and were cultured using the same medium as for A03_1 except with 10 M methotrexate. Wild-type Chinese hamster ovary CHO-K1 cells (ATCC CRL 9618) were cultured in phenol-red free F-12 Ham's medium with 10% charcoal-dextran-treated fetal bovine serum.
Transfections on coverslips were performed with FuGENE6 reagent (Roche, Indianapolis, Ind.) according to the manufacturer's instructions using 250 ng of DNA and 3 l of reagent per 35-mm-diameter plate. Fresh medium containing hormone was added 24 h after transfection. Seventy-two hours after transfection, cells were rinsed in calcium-, magnesium-free phosphate-buffered saline (CMF-PBS), fixed in CMF-PBS with 1.6% paraformaldehyde (Polysciences, Warrington, Pa.), and stained with 0.2 g of DAPI (4Ј,6Ј-diamidino-2-phenylindole, dihydrochloride)/ml in CMF-PBS. Transfections for CAT transcription assays used 1.6 g of 8 op-CAT or pATC4 (4 ERE-TATA-CAT) reporter (31), 0.6 g of the beta-galactosidase internal reference reporter pCH110 (Pharmacia), and 10 ng of effector plasmid combined with 15 l of FuGENE6 reagent per 60-mmdiameter plate. Fresh media containing hormone was added 24 h posttransfection, and cells were harvested and lysed 48 h posttransfection. CAT assays were performed and normalized for beta-galactosidase expression as described previously (44) .
Immunocytochemistry. Cells were stained in PBS* solutions (PBS-5 mM MgCl2-0.1 mM EDTA). Cells were rinsed in PBS*, permeabilized for 30 (histone acetylation staining) or 60 s (brahma and BAF170 staining) in 0.1% Triton X-100, and fixed in 1.6% formaldehyde (Polysciences) for 15 to 30 min at room temperature. Coverslips were washed for 5 min in 0.1% Triton X-100 (brahma and BAF170 staining only), three times (5 min each) in PBS*, three times (5 min each) in 20 mM glycine, 5 min in 0.1% Triton X-100 (brahma and BAF170 staining only), and 30 min at room temperature in 5% normal goat serum (histone acetylation staining) or 1 h at room temperature plus 1 h at 4°C in 5% normal donkey serum (brahma and BAF170 staining). Coverslips were washed three times (5 min each) in 0.1% Triton X-100 and incubated overnight at 4°C with a primary antibody diluted in 0.1% Triton X-100 as follows: 1:500 antiacetylated histone H3 (AHP412; Serotec, Raleigh, N.C.), 1:500 antiacetylated histone H4 (AHP418; Serotec), 1:50 anti-brahma N-19 (sc-6450; Santa Cruz Biotechnology, Santa Cruz, Calif.), 1:100 anti-BAF170 C-19 (sc-9744; Santa Cruz Biotechnology). Coverslips were washed three times (5 min each) in 0.1% Triton X-100 and then incubated at 4°C with a secondary antibody diluted in 0.1% Triton X-100 as follows: 6 h at 4°C with a 1:1,000 dilution of Texas Red goat anti-rabbit immunoglobulin G (code 111-075-144; Jackson Immunoresearch, West Grove, Pa.) for histone acetylation staining or 19 h at 4°C with a 1:3,000 dilution of Alexa 594 donkey anti-goat immunoglobulin G (Molecular Probes, Eugene, Ore.) for brahma and BAF170 staining. Coverslips were finally washed three times (5 min each) in 0.1% Triton X-100, three times (5 min each) in PBS*, 5 min in 0.2 g of DAPI/ml, and three times (5 min each) in PBS*, and mounted in Prolong Antifade solution (Molecular Probes).
Fluorescence microscopy and image analysis. Images were collected on an inverted light microscope (IMT-2; Olympus, Success, N.Y.) equipped with a cooled, slow-scan charge-coupled device camera (Photometrics; Tucson, Ariz.) as described previously (19) . Optical sections of nuclei were collected and deconvolved as described previously (1) . Figures were assembled using Adobe Photoshop. For quantitative measurements, ScionImage software (Scion Corp., Frederick, Md.) was used to measure the area of the lac operator arrays (homogeneously staining regions) in images collected from a large number of cells. A macro based on the "Analyze particles" command was used to measure the area of each lac operator array, which was identified in each image by thresholding. Proper thresholding was verified by visual inspection and defined interactively, if necessary, using the freehand selection tool. Measurements were exported, analyzed, and graphed in Microsoft Excel and SigmaPlot.
RESULTS
Experimental design. We fused a green fluorescent lac repressor to the ER (Fig. 1A and D) . GFP-lac rep-ER binds tightly to lac operator DNA repeats integrated into the genome of CHO cells, making the structure of the chromatin visible by fluorescence microscopy ( Fig. 1C) (28) . We also fused a yellow fluorescent lac repressor to amino acids 570 to 780 of the coactivator SRC-1, which is normally recruited by ER. In this reciprocal system, wild-type ER or CFP-ER is recruited to lac operator DNA via interaction with YFP-lac rep-SRC570-780 (Fig. 1B) .
For most of the work in this paper, we used the A03_1 CHO cell line (Fig. 1C) , in which lac operator repeats and coamplified genomic DNA form an ϳ90-Mbp chromosomal array. This array appears in metaphase as a homogeneously staining region and has properties of heterochromatin, forming a condensed mass roughly 1 m in diameter through most of interphase. Targeting a control GFP-lac repressor fusion protein produces no obvious conformational changes in the amplified chromosome region (39) . Alternatively, we used the RRE_B1 cell line, which contains a large, nonheterochromatic amplified chromosome region forming unusually extended fibrillar structures during interphase in most nuclei.
Nuclear redistribution, transcriptional activation, and coactivator recruitment by ER fusion proteins. The GFP-lac rep-ER fusion protein retains normal ER activity based on several criteria. First, expression of the GFP-lac rep-ER fusion protein in wild-type CHO cells shows a homogeneous nuclear distribution in the absence of hormone which shifts to a punctate distribution after estradiol addition (data not shown), as previously reported for a GFP-ER fusion (20, 47) .
Second, GFP-lac rep-ER fusion proteins activated transcription as expected on a transiently transfected 8 lac op-TATA-CAT reporter plasmid (Fig. 1D) . GFP-lac rep-ER and GFPlac rep-DEF fusion proteins showed hormone-dependent transcriptional activation on the lac operator reporter with a dose response similar to that of wild-type ER on an EREbased reporter, with activity peaking or reaching a plateau at 10 Ϫ8 or 10 Ϫ9 M estradiol ( Fig. 2A) . Activation by the GFP-lac rep-ER fusion protein, expressed from the F9-1 promoter and using the 8 lac op reporter construct, was at an only 2.5-foldlower level than activation by wild-type ER, expressed from the stronger cytomegalovirus promoter and using the four-copy ERE reporter construct (direct comparison not shown). We note that ER does not activate transcription in the absence of hormone, despite being tethered to DNA via the lac repressor. The other lac repressor-ER fusion proteins also behaved as expected in the transcription assay (Fig. 2B) . GFP-lac rep-ABC contains the weak constitutive transcriptional activation function AF-1 in the A/B domains and ER's DNA binding domain in the C domain. Two mutations in GFP-lac rep-DEF (L525A and L540Q) prevent transcriptional activation; the L525A mutation is known to virtually eliminate estradiol binding (14, 15) , and L540Q shows impaired recruitment of coactivators, leading to markedly reduced transcriptional activation (22, 44, 54) . The negative control GFP-lac rep did not activate transcription, while the positive control GFP-lac rep-VP16 AAD transcriptional activation was roughly 150 times higher than GFP-lac rep-ER, using the same promoter to drive fusion protein expression (data not shown). We also tested the transcriptional activity of the reciprocal system in which YFP-lac rep-SRC570-780 recruits CFP-ER or wild-type ER to DNA. Recent in vitro experiments have shown that each ER dimer binds only one molecule of SRC-1 (30) . Any ER recruited to lac operator DNA via the truncated SRC-1 should not be able to interact with wild-type SRC-1 and possibly other coactivators which bind to the same helix 12 region of ER. Indeed, transient transcription assays indicate that the combination of YFP-lac rep-SRC570-780 and CFP-ER (or wild-type ER) is unable to detectably activate transcription when transfected with a lac operator reporter gene with or without estradiol treatment (data not shown).
Third, a CFP-lac repressor-ER fusion protein (CFP-lac rep-ER) binds to lac operator repeats and shows in vivo, hormoneenhanced recruitment of a YFP-SRC-1 coactivator fusion protein. The construction and functional testing of these fusion proteins is described elsewhere (47, 48) . Consistent with recent fluorescence resonance energy transfer results using SRC-1 peptides and truncated ER in living cells (29) , there is a partial recruitment of YFP-SRC-1 at the CFP-lac rep-ER-bound lac operator array in the absence of hormone, with a significant amount of YFP-SRC-1 distributed throughout the nucleus ( 
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lac operator array increase significantly, while nuclear background levels of YFP-SRC-1 show an absolute decrease. Further analysis of the in vivo recruitment of YFP-SRC-1 as well as a YFP-CBP fusion protein to CFP-lac rep-ER is described in a separate report (48) . We also found that recruitment of CFP-ER to the YFP-lac rep-SRC570-780-bound lac operator array was as anticipated (see Fig. 5 ). In the absence of estradiol (n ϭ 50), 6% show strong recruitment of CFP-ER to the YFP-lac rep-SRC570-780-bound lac operator array with only faint nucleoplasmic staining, 52% show moderate recruitment, and 42% show no recruitment. In the presence of estradiol (n ϭ 51), 47% of cells show strong recruitment, 49% of cells show moderate recruitment, and 4% show no recruitment. This significant amount of interaction in the absence of hormone, enhanced by addition of estradiol, is consistent with the observed recruitment of YFP-SRC-1 to CFP-lac rep-ER and with our previous finding that CFP-ER and YFP-SRC570-780 visibly colocalize after addition of estradiol (47) .
Changes in large-scale chromatin structure after targeting of ER. GFP-lac rep-ER fusions were transiently transfected into A03_1 cells, which normally contain a condensed lac operator array. Transfection of GFP-lac rep-ER and 48-h treatment with estradiol caused some cells' GFP-labeled chromosome regions to decondense (Fig. 3A, left) relative to the GFP-lac rep negative control (Fig. 3B, left) . To confirm these observations, we collected images of large numbers of transfected cells. Quantitative measurements aided by image analysis software indeed revealed larger average lac operator array 3A and B) . lac operator arrays larger than 2.7 m 2 were considered unfolded, or "open." By this criterion, 7% of cells contained an open lac operator array relative to 1 to 3% in the populations transfected with GFP-lac rep alone.
We hypothesized that GFP-lac rep-ER in the absence of estradiol would have no effect on large-scale chromatin structure. Unexpectedly, a significant fraction of the cell population transfected with GFP-lac rep-ER in the absence of estradiol contained lac operator arrays which are even more unfolded than those produced in the presence of estradiol (Fig. 3A , right). These structures were often similar in size (mean ϭ 3.07 m 2 ) to those seen with the GFP-lac rep-VP16 AAD fusion protein (mean ϭ 5.46 m 2 ) with or without estradiol (Fig. 3B,  right) . Thirty-nine percent of lac operator arrays with GFP-lac rep-ER minus estradiol were open, compared to ϳ70% of lac operator arrays using GFP-lac rep-VP16 AAD and 3% of lac operator arrays with the control GFP-lac repressor constructs.
The fibers produced by GFP-lac rep-ER in the absence of hormone appear significantly less distinct than is typically seen after decondensation by GFP-lac rep-VP16 AAD, suggesting a qualitative difference in the decondensed structures. To ensure that these differences were not due to fixation conditions, we confirmed this finding by performing microscopy on living cells (Fig. 3C) . Indeed, the GFP-lac rep-ER-produced structures appear much less distinct than those produced by GFP-lac rep-VP16 AAD, suggesting a qualitatively different type of unfolding.
Unfolding of heterochromatic array induced by ER fusion proteins is partially reversed by estradiol. The unfolding observed with GFP-lac rep-ER in the absence of estradiol was much larger than that seen in the presence of estradiol. Direct observation of living cells revealed a striking recondensation of large-scale chromatin structure beginning within minutes after estradiol addition (Fig. 4) . Data sets with more frequent time points can be viewed as Quicktime movies at www.life.uiuc .edu/belmont. Exposure to UV light in the process of collecting these four-dimensional images appeared to inhibit this condensation (data not shown). We therefore limited UV exposure by taking individual optical sections at each time point and found condensation to occur in 15 out of 16 cells, producing an average decrease in lac operator array area of ϳ50% ( Table 1 ). The antiestrogens, trans-hydroxytamoxifen and ICI182,780, produced comparable changes in lac operator array area (Table 1) . For estradiol-treated cells, the most dramatic condensation a Sizes of arrays were measured as in Fig. 3 , and the size after 30 min of treatment was divided by the original size to determine the % original size.
b n, number of cells examined.
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occurred within 30 min and the lac operator arrays showed minimal further change in structure through the end of the experiment, up to 3 h later. After 30 min, the lac operator arrays had not condensed completely to sizes typical of a population treated with estradiol for 48 h; in these cells, the average lac operator array area decreased from 8.4 to 4.3 m 2 in 30 min, which is still significantly larger than the 1.4 m 2 seen after long-term estradiol exposure. Therefore, estradiol induces rapid recondensation within 30 min followed by further gradual condensation over a period of hours or days.
Recondensation occurred with minimal changes in nuclear position or shape; the lac operator arrays did not appear to fold over long distances as they condensed but rather decreased in size uniformly, perhaps due to local condensation of individual large-scale chromatin fibers. In addition to the global recondensation caused by hormone, we also noticed a local condensation of large-scale chromatin structure and the appearance of distinct, large-scale chromatin fibers within several minutes of adding estradiol to cells expressing GFP-lac rep-ER. At light microscopy resolution, the diffuse fibrillar appearance of these lac operator arrays became more well defined, becoming very similar to the distinct fibers normally observed with the GFP-lac rep-VP16 AAD protein.
A nonheterochromatic, decondensed lac operator array shows no significant changes in array area and only local changes in large-scale chromatin structure after estradiol treatment. The lac operator array in A03_1 cells is normally condensed and late replicating. By these criteria, the array behaves as heterochromatin. The extensive, hormone-induced reversal of the array decondensation produced by GFP-lac rep-ER could be explained in several ways. First, dimerization of ER in response to ligand might cause GFP-lac rep-ER fusions to aggregate and therefore appear to condense chromatin. Second, addition of hormone might induce an active, chromatin-condensing activity of the ER itself. Third, addition of hormone might simply reverse or down-regulate whatever large-scale chromatin decondensation activity is produced by ER targeting, with the global condensation of the lac operator array simply representing a reversion to the array's normal, heterochromatic state.
To distinguish between these possibilities, we examined changes in lac operator array morphology occurring in cells expressing GFP-lac rep-ER after hormone treatment using a different cell line, RRE_B1. The lac operator array conformation in this cell line is variable but has a very high percentage of cells with unusually extended and fibrillar arrays, relative to the bulk large-scale chromatin structure seen throughout most of the nucleus (3). For the euchromatin-like arrays in RRE_B1 cells expressing GFP-lac rep-ER, addition of estradiol does not lead to significant changes in array area, for either the more highly extended or the more compact arrays within this cell line (Fig. 4) . Thus, it is unlikely that the condensation seen in the other cell line, A03_1, is due to dimerization or aggregation of GFP-lac rep-ER, nor is it due to a chromatin-condensing activity of ER. We therefore conclude that the global condensation of lac operator arrays in the presence of hormone in the A03_1 cell line represents a reversal or down-regulation of ER's unfolding activity, allowing the array to revert to its normal heterochromatin state.
While the overall size of the lac operator array in RRE_B1 cells remains unchanged, the appearance of the fibers does change after exposure to estradiol. As shown in Fig. 4 , RRE_B1 cells expressing GFP-lac rep-ER show open lac operator arrays with a more diffuse appearance. Because of the high variability of the structures in control cells expressing GFP-lac repressor, we cannot easily determine whether this structure differs from that seen with GFP-lac repressor alone. Yet, upon addition of estradiol to GFP-lac rep-ER expressing RRE_B1 cells, we see a local condensation in which the diffuse fibers change to more sharply demarcated, distinct fibers (Fig.  4) . These local changes in array structure are quite similar to those described above for the A03_1 array, but they occur without the reversal of global decondensation. Targeting wild-type ER via a lac repressor-SRC570-780 fusion protein also produces dramatic large-scale chromatin decondensation. Observing maximal chromatin decondensation in the absence of ligand using the GFP-lac rep-ER was unexpected. We therefore considered the possibility of a problem with the GFP-lac rep-ER fusion proteins despite the fact that they properly localize, activate transcription from a transiently transfected reporter gene, and recruit SRC-1. For example, the lac repressor DNA binding domain may bind lac operator DNA more tightly than ER binds to EREs, possibly preventing GFP-lac rep-ER from diffusing throughout the nucleus and obtaining posttranslational modifications or protein interactions which might be important for ER function. We therefore used an alternative mechanism to target unmodified, wild-type ER to the lac operator array by fusing the lac repressor to amino acids 570 to 780 of the coactivator SRC-1 (Fig.  1B) . This region of SRC-1 contains three LXXLL motifs, known as nuclear receptor boxes, which interact with the ER as well as other nuclear receptors. As noted above, transcription is not activated upon estradiol addition because any ER recruited to YFP-lac rep-SRC570-780 is unable to bind endogenous SRC-1 and possibly other coactivators which bind the same domain of ER. This feature is an advantage because it allows examination of the effect of ER on large-scale chromatin structure in the absence of transcriptional activation.
In roughly half of the A03_1 cells transfected with YFP-lac rep-SRC570-780 alone, the lac operator array is significantly increased in size relative to the control. This opening in the absence of cotransfected ER is difficult to interpret, as YFP-lac rep-SRC570-780 could recruit any number of transcription factors endogenous to this CHO-derived cell line. However, a quite distinct unfolded structure is observed when CFP-ER is cotransfected with YFP-lac rep-SRC570-780, with or without estradiol (Fig. 5) . These unusually decondensed lac operator arrays are qualitatively different from any array conformations seen with either lac repressor-VP16 or lac repressor-ER. The fibers produced are often very numerous and thin, protruding from a region where fibers cannot be individually traced (seen best in the "no E2" example in Fig. 5 ). Frequently, there are gaps in the fibers which could indicate unfolding to the extent that non-lac operator intervening DNA is detectable as a visible gap in lac repressor staining (seen best in the "48 hr E2" example in Fig. 5 ). In the absence of estradiol, 20% of cells examined (n ϭ 49) display this unusual structure while the remainder are comparable to YFP-lac rep-SRC570-780 alone. In the presence of estradiol, 36% of cells examined (n ϭ 50) display this unusual structure. By contrast, no such structures 3442 NYE ET AL. MOL. CELL. BIOL.
were seen when YFP-lac rep-SRC570-780 was expressed with estradiol but without cotransfected ER (n ϭ 83). We also observed these unusual decondensed structures when YFP-lac rep-SRC570-780 was cotransfected with completely wild-type ER (data not shown). This confirms that the large-scale chromatin decondensing activity observed is due to an intrinsic property of wild-type ER and is not an artificial property of the ER fusion proteins per se. Activation function 1 and helix 12 are not required for chromatin unfolding; helix 12 is required for reversal of unfolding. The fact that estradiol does not reverse unfolding by lac rep-SRC-tethered ER implies that recruitment of SRC-1, or another coactivator which binds the same domain of ER as SRC-1, is required along with ligand binding to reverse the unfolding. We tested several truncations and mutations of ER to determine which domains of ER are capable of producing unfolding and the reversal of unfolding. Domains A, B, and C are not required for chromatin unfolding, since a GFP-lac rep-DEF construct produced results similar to those with fulllength ER (Fig. 6A and 7) . A truncation at amino acid 534 and 
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ESTROGEN RECEPTOR AND LARGE-SCALE CHROMATIN STRUCTUREthe mutation L540Q both eliminate coactivator recruitment via helix 12 of ER. Both constructs are able to unfold chromatin as well as wild-type ER ( Fig. 6C and 7 ) (48) . This indicates that the well-studied coactivators recruited via LXXLL domains to helix 12 of ER (25) are not responsible for the dramatic unfolding seen in the absence of hormone. Instead, a region from amino acids 262 to 534 is able to recruit the proteins required for chromosome unfolding. ER truncated at amino acid 534 or with the L540Q mutation produces unfolded lac operator array chromatin even in the presence of hormone. Moreover, estradiol does not reverse unfolding by lac rep-SRC-tethered ER.
These results indicate that a functional AF-2/helix 12, and possibly SRC-1 recruitment, is required for recondensation. The GFP-lac rep-ABC construct, containing the weak, constitutive AF-1 transcriptional activation domain, produced dramatic unfolding in about 10% of the cells which was qualitatively different from that with any other construct (Fig. 6A and  B and 7) . These cells showed thin, extended fibers protruding several microns out from a more densely folded core. This unfolding was not altered by estradiol, consistent with the construct's lack of a ligand binding domain.
Finally, we tested whether the unfolding of chromatin in the absence of estradiol was due to trace amounts of estrogens in the medium, despite our using charcoal-dextran-treated serum and phenol red-free medium. We found that structures produced by ER with an L525A mutation, which does not bind ligand, produced unfolded structures whether or not estradiol was present, just as its wild-type counterpart does in the absence of hormone ( Fig. 6C and 7) . Therefore, the large-scale chromatin decondensation observed cannot be attributed to residual estrogens in the cell medium but reflects a true activity of the ER in the absence of hormone, which may be dependent on a hormone-independent signaling pathway. Chromatin remodeling and histone acetylation. Changes in chromatin structure at the nucleosomal level produced by chromatin remodeling complexes (52) and histone acetyltransferases (23) have been proposed to affect higher levels of chromatin folding. To pursue the potential link between these two levels of structure, cells were immunostained for components of chromatin remodeling complexes. Human brahma (hbrm/hSnf2␣), a human homologue of the yeast SWI2/SNF2 chromatin remodeling complex component (35) , has been shown to enhance estrogen receptor transcriptional activity (9) . Yeast two-hybrid experiments previously revealed a poten- tial ligand-independent interaction between ER and brahma, enhanced by estradiol (21) . Immunostaining of A03_1 cells revealed strong recruitment of brahma to GFP-lac rep-ER in the absence of estradiol in ϳ50% of cells (Fig. 8, right) . After estradiol treatment, ϳ85% of cells showed strong recruitment. BAF170 (BRG1-associated factor 170) is a component of the human BRG1-containing chromatin remodeling complex (53), which has not previously been tested for interaction with ER. BAF170 was not detectably recruited to GFP-lac rep-ER with or without estradiol (data not shown), whereas GFP-lac rep-VP16 strongly recruited both brahma and BAF170 in nearly every cell (data not shown). Several histone acetyltransferases are known to be strongly recruited to ER by estradiol, including SRC-1 (46) and CBP (2) . We have confirmed recruitment of SRC-1 (Fig. 2C) (48) and CBP (48) to GFP-lac rep-ER. To determine whether this recruitment is accompanied by increased histone acetylation, GFP-lac rep-ER-transfected cells were fixed at various time points after estradiol treatment and stained with antibodies against the acetylated forms of histone H3 and H4 (Fig. 8) . In the absence of estradiol, lac operator arrays with GFP-lac rep-ER typically showed histone H3 and H4 hypoacetylation. Histone H3 and H4 acetylation gradually increased after hormone addition, with acetylation of histone H4 possibly decreasing after long-term estradiol treatment. Hyperacetylation was much less dramatic than that produced by GFP-lac rep-VP16 in nearly every cell (data not shown) (51) . These results are generally consistent with previous chromatin immunoprecipitation studies, which revealed an increase in histone acetylation in the vicinity of estrogen-responsive promoters after treatment with estradiol, although the dynamics of such changes from study to study have not been resolved (7, 45) . Using the alternate tethering approach, cells transfected with YFP-lac rep-SRC570-780 and CFP-ER or wild-type ER did not show detectable increases in acetylation at the lac operator array compared to YFP-lac rep-SRC570-780 alone (data not FIG. 8 . Histone acetylation and brahma recruitment by GFP-lac rep-ER fusion proteins. A03_1 cells were transfected with GFP-lac rep-ER, GFP-lac rep, or GFP-lac rep-VP16 and treated with 10 Ϫ9 M estradiol for various time points prior to fixation and staining with antibodies against the acetylated forms of histone H3 and H4 or against brahma. (A) For histone acetylation (left set of images), each cell's lac operator array was scored as having staining at a lower level than (hypoacetylated), comparable to (neutral), or higher than (hyperacetylated) that for the rest of the chromatin in the nucleus. For brahma recruitment (right set of panels), each cell's lac operator array was scored as having staining comparable to that for the rest of the nucleus (not recruited), slightly brighter staining relative to the rest of the nucleus (borderline), or brighter staining than the rest of the nucleus (recruited). (B) For each time point, cells were scored as in panel A for histone H3 acetylation (left) and histone H4 acetylation (middle) and brahma recruitment (right).
VOL. 22, 2002 ESTROGEN RECEPTOR AND LARGE-SCALE CHROMATIN STRUCTUREshown), although the large-scale chromatin decondensation produced was even greater than that seen with GFP-lac rep-VP16. The lack of detectable changes in histone acetylation may be due to a dominant-negative interaction between ER and SRC570-780. However, it may also result from a lowered detection sensitivity for histone acetylation due to the unusually extended conformation of the lac operator array. What is clear is that the chromatin unfolding produced by YFP-lac rep-SRC570-780-recruited ER is not accompanied by a high degree of histone hyperacetylation.
DISCUSSION
Transcriptional activators and large-scale chromatin unfolding. Using the lac operator/repressor tethering system, we observed the capability of the estrogen receptor to decondense large-scale chromatin structure. We also addressed several fundamental questions about the relationship between largescale chromatin structure and transcription. First, different transcriptional activators are capable of unfolding chromatin to qualitatively different levels. That is, the fibers produced by ER appeared less distinct than those produced by VP16. In addition, unusually thin fibers were produced in A03_1 cells by GFP-lac rep-ABC and by full-length CFP-ER recruited via a YFP-SRC570-780 fusion. Second, stronger activators do not necessarily produce more extensive unfolding, since GFP-lac rep-ER is 150 times weaker by transient transcription assay than GFP-lac rep-VP16, yet the global unfolding produced by either construct is close in magnitude. Third, we found that there is not a simple correlation between unfolded chromatin and transcriptional potential. Our hypothesis that chromatin would be condensed in the absence of ligand and unfolded upon ligand binding was too simplistic. GFP-lac rep-ER unfolded chromatin by about 35% after long-term estradiol treatment. A more dramatic unfolding was observed by GFP-lac repressor-ER in the absence of ligand, and the largest degree of unfolding, exceeding that previously observed with the VP16 acidic activation domain, was observed using the transcriptionally dead, lac repressor-SRC1 tethering system to recruit wildtype ER.
Unliganded ER is capable of unfolding large-scale chromatin structure. While the decondensing capability of ER in the absence of ligand was surprising, results from several different lines of investigation yielded similar, internally consistent results. Specifically, the same conclusion was reached using two different methods for ER recruitment and using various ER mutations and truncations. Our results suggest that a region encompassing receptor domains D and E, from amino acids 262 to 534, is responsible for the major ligand-independent decondensation activity observed with ER. This decondensation is insufficient for transcriptional activation, because the mutants and the YFP-lac rep-SRC570-780 plus ER recruitment system lack transcriptional activity yet are still able to unfold chromatin in the absence of hormone.
While we have shown in this work that unliganded ER is capable of unfolding chromatin, this does not prove that it actually does unfold chromatin at endogenous ER-regulated promoters. Interpretation of our findings depends on whether the estrogen receptor is recruited to chromatin in its unliganded state, and there is considerable evidence that this is the case.
While numerous studies have demonstrated the binding of unliganded ER to ERE-containing DNA in vitro (5), the situation in vivo has been less clear (26) . Several independent, quantitative experimental approaches have demonstrated that significant ER is bound at promoters in the absence of hormone, with ER binding generally increasing after estradiol addition. Early evidence for in vivo binding of receptor in the absence of hormone came from promoter interference studies with mammalian cells (38) . More recently in vivo footprinting of the endogenous pS2 promoter in breast cancer cells revealed that the consensus half site of the imperfect pS2 ERE was equally well protected with or without hormone (24) . In addition, chromatin immunoprecipitation data conclusively demonstrated significant levels of estrogen receptor bound at the endogenous pS2 and cathepsin D promoters in mammalian cells in the absence of hormone (45, 56) .
The discovery of unliganded ER at certain ERE-containing promoters raises the possibility that the chromatin unfolding activity we have described in this paper might play a physiological role. One possibility is that the unfolded structure represents a poised, transcriptionally competent chromatin state still dependent on hormone to recruit coactivators for gene activation. This transcriptionally inactive but competent state could prepare genes for the rapid response to hormone that has been observed in studies of the kinetics of endogenous estradiol-responsive genes. This essentially represents a twostage model of transcriptional activation, in which changes in higher-order and large-scale chromatin structure precede recruitment of transcriptional coactivators and the general transcriptional machinery.
A second possibility is that the unfolded structure could be involved in transcriptional repression by unliganded ER. Recent experiments have demonstrated that ER binds to endogenous ERE-containing promoters in the absence of ligand but its transcriptional activity is repressed (56) . A genetic screen for proteins required for long-range enhancer-promoter interactions has identified Chip (34) and the adherin-related Nipped-B (40), proteins which may be involved in cross-linking chromatin and in chromosome adhesion, respectively. This work has led to speculation that higher-order or large-scale chromatin condensation may be required for enhancer-stimulated transcriptional activation (12) , thereby suggesting that dispersion of chromatin may be a mechanism of transcriptional repression.
Finally, the large-scale chromatin unfolding produced by unliganded ER might produce a remodeled, permissive state, allowing activators and/or repressors full access to the gene locus. Thus, like chromatin remodeling at the lower levels of folding, large-scale chromatin unfolding may not be inherently activating or repressing but rather may present a window of opportunity for trans factors to determine a promoter's response.
Addition of ligand partially disrupts ER's chromatin unfolding activity. When estradiol was added to A03_1 cells with unfolded GFP-lac rep-ER-produced structures, chromatin unfolding was rapidly, though only partially, reversed. Structures after long-term estradiol treatment were smaller than those produced in the absence of hormone but larger than those 3446 NYE ET AL. MOL. CELL. BIOL.
produced by GFP-lac rep alone. This partial reversal of decondensation activity was dependent on hormone binding and recruitment of functional coactivators and/or corepressors by ER's LXXLL binding pocket. Our present view is that the recondensation we observed is related to a downregulation of the estrogen receptor. It is known that several ER-responsive genes are rapidly induced after estradiol addition but show a decrease in activity over time, despite the continued presence of estradiol (6, 7, 10, 13) . One potential mechanism for this downregulation involves the inactivation of some coactivators via acetylation by other coactivators (7) . Relationship between local chromatin structure and largescale chromatin structure. The remodeling of nucleosomes and histone acetylation are frequently proposed to alter higher levels of chromatin structure (23, 52) . Some correlations have been observed; for example, GFP-lac rep-VP16 produces activated transcription, acetylated histones, and unfolded largescale chromatin structure (51) . However, a causal relationship has not been established. In fact, large-scale decondensation of chromatin by the BRCT domains of BRCA1 occurs in the absence of detectable histone hyperacetylation (55) . In addition, recent unpublished work in our laboratory has provided an example in which large-scale chromatin decondensation by VP16 AAD is inhibited even in the presence of histone hyperacetylation (S. Pop and A. S. Belmont, personal communication). In this work, we found that the decondensation induced by ER does not correlate with histone hyperacetylation. The most dramatic unfolding was produced under conditions where histone hyperacetylation was undetectable (unliganded GFPlac rep-ER and CFP-ER recruited by YFP-lac rep-SRC570-780). It is therefore unlikely that the proteins involved in large-scale chromatin unfolding are among the histone acetyltransferases more strongly recruited to ER after estradiol addition, although we cannot rule out the involvement of proteins modifying histones in other ways, e.g., methylation or phosphorylation.
Observations of the recruitment of various proteins cannot establish their involvement in large-scale chromatin unfolding. Nevertheless, we observed that the chromatin remodeling complex component brahma is recruited significantly to GFPlac rep-ER in the absence of hormone, and this recruitment increases as chromatin recondenses in response to estradiol. These observations do not provide definite evidence that chromatin remodeling complexes are involved in large-scale chromatin unfolding, but neither do they rule out their involvement.
Experimental considerations and future directions. The experimental approach in this paper allows the targeting of large amounts of an activator to a visible chromosome region so that effects on large-scale chromatin structure can be observed. While it would be preferable to observe the effects of the activation of a single estrogen-responsive gene on nearby chromatin, suitable electron microscopy methods do not yet exist. Chromatin changes at arrays of a viral promoter have recently been observed (36), and we have been developing methods towards observing natural promoters, including ER-responsive promoters. The method we have used in this work is a useful first step and provides a few advantages over studying a natural promoter. The lac repressor targeting allows direct comparison of the effects of any protein using the same target chromatin. This system has revealed the effects of various other nuclear receptors, including thyroid hormone receptor, progesterone receptor, and Pit-1 (M. G. Mancini, K. X. Patel, Z. D. Sharp, and M. A. Mancini, unpublished observations). Most importantly, this approach provides a rapid method for mapping the specific protein domains responsible for this decondensation activity.
A key question remaining, however, is whether the observed results using this experimental methodology are physiologically relevant given the high numbers of lac operator repeats involved. It is unlikely that each lac operator binds a lac repressor molecule, as there is reason to believe that lac repressor binding may be significantly limited by steric constraints and phasing of lac operators relative to the nucleosome linker DNA. Our present model is that the structural changes we observe using this targeting methodology represent an amplification of similar structural perturbations produced over much smaller neighborhoods surrounding endogenous promoters.
Recently changes in large-scale chromatin structure were observed using a cell line containing an array of roughly 200 copies of a vector, each of which contains one copy of the mouse mammary tumor virus promoter upstream of the ras and bovine papillomavirus genes. The six glucocorticoid receptor (GR) binding sites in each copy of that promoter (16) were sufficient to produce large-scale chromatin decondensation within 3 h of hormone treatment (36) . Within the following 5 h, arrays recondensed despite the continued presence of hormone (36) . It is interesting to compare these results with GR with our study of ER, since the two steroid receptors are in many ways similar. Significantly, one difference between the receptors is that in the absence of ligand, GR is restricted to the cytoplasm whereas ER is located primarily in the nucleus. Therefore, GR would not be expected to affect large-scale chromatin structure in the absence of hormone, while ER's localization makes it possible that it could, particularly in light of recent evidence that ER under some conditions may bind to EREs in the absence of hormone (24, 45, 56) . Interestingly, both studies showed down-regulation of the unfolding activity over time, although the timing differed: ER's activity was dramatically reduced within 30 min and gradually reduced over the following 48 h, while GR's unfolding activity was gradually reduced over the course of about 5 h (from 3 to 8 h after hormone treatment). The differences in timing could reflect functional differences between the two receptors; for example, GR may be regulated differently in order to allow a period of unfolding before downregulation begins since it does not enter the nucleus until hormone is added. We cannot rule out, however, that the timing observed for ER may by altered due to some aspect of our artificial system.
Most previous studies of the estrogen receptor have used transcription as a readout of ER function. By applying an assay which directly focuses on ER's effect on large-scale chromatin structure, we have demonstrated that ER is capable of unfolding chromatin. This assay should allow identification of the ER subdomain(s) and the interacting proteins required for this activity.
